A B S T R A C T To test the hypothesis that in both the liver and renal cortex ofthe fructose-loaded rat, severity of depletion of inorganic phosphate (Pi), and not the magnitude of accumulation of fructose-l-phosphate (F-1-P), determines the severity of the dose-dependent reduction of ATP, we intraperitoneally injected fed rats with fructose, 20 and 40 umol/g, alone, and at the higher load, in combination with (a) sodium phosphate, 20 umol/g, administered shortly beforehand or subsequently or, (b) adenosine, 2 ,umol/g, administered beforehand. The following observations were made: (a) With fructose loading alone, at the higher load, both Pi and total adenine nucleotides (TAN) were reduced by one third in the renal cortex and (as previously observed) by two thirds in the liver; and at either load, the reduction of ATP (and TAN) 
INTRODUCTION
In patients with hereditary fructose intolerance (HFI),' the administration of even small amounts of fructose induces within minutes dose-dependent metabolic and physiologic abnormalities that depend upon cellular accumulation of fructose-l-phosphate (F-1-P) in tissues genetically deficient in aldolase activity toward F-1-P: liver (1, 2) , renal cortex (3), and small bowel (4) . For each mole of fructose converted to F-1-P, 1 mol of ATP is hydrolyzed. In effect, the accumulation of F-i-P depletes cellular inorganic phosphate (Pi) (1) . In consequence of the magnitude and rapidity of this depletion, hypophosphatemia occurs almost immedi-ately after fructose is initiated (1) . In rapid succession thereafter there occur hyperuricemia (5, 6 ) and a complex dysfunction of the renal tubule like that of Fanconi's syndrome (6, 7) . Although F-i-P can inhibit the activity ofenzymes important to normal metabolism in the liver and renal cortex (8) (9) (10) (11) (12) (13) , a number of observations suggest that depletion of Pi in these tissues could be critical to the pathogenesis of both the hyperuricemia and the renal tubular dysfunction (14, 15) .
In the liver of the fructose-loaded rat, cellular accumulation of F-1-P accounts for the large reduction in hepatic Pi that occurs within a minute of administering fructose (16) . The reduction in P1 just precedes and attends the occurrence of hyperuricemia (and hyperallantoinemia) and a large reduction in the hepatic concentrations of ATP and total adenine nucleotides (TAN) (16) (17) (18) (19) (20) . In both normal man and the rat, fructose-induced hyperuricemia appears to result from increased degradation of preformed hepatic adenine nucleotides (16, (20) (21) (22) (23) (24) . Normal tissue concentrations of Pi inhibit AMP deaminase (25, 26) . Thus, a fructose-induced depletion in hepatic Pi could increase the degradation of AMP to inosine 5'-monophosphate (16, 17) , a precursor of uric acid (and allantoin) via inosine (16) (17) (18) , and could restrict the regeneration of hepatic ATP, both by the depletion of Pi per se (27) , and by the reduction of TAN that depletion entrains (16) (17) (18) (19) . Similarly, in the renal cortex of the fructose-loaded rat, the accumulation of F-1-P and reduction of ATP (19) might be causally linked through the agency of a depletion of renal cortical Pi (15) .
Published data, however, provide little or no evidence that phosphate loading ameliorates the disturbances of hepatic metabolism observed either in patients with HFI exposed to fructose or in the fructose-loaded rat (20, (28) (29) (30) . Yet, in patients with HFI, the experimental renal tubular dysfunction induced by fructose is greatly attenuated by prior phosphate loading (15) . In contrast to the liver (31), the proximal renal tubule, which forms the bulk of the renal cortex (32) , has a high affinity, high capacity, transepithelial transport system for phosphate (33, 34) . Accordingly, in both the patients with HFI exposed to fructose, and in the fructose-loaded rat, the depletion of Pi induced in the renal cortex, and hence the disturbance of adenine nucleotide metabolism in this tissue, might be both less severe than that induced in the liver and more susceptible to attenuation by phosphate loading, and by adenosine loading (vide infra). The 40 ,umol/g body weight. Control rats were anesthetized only.
30 min after administration of fructose (or other test substance, when given without fructose) the abdomen was opened, the liver and kidneys rapidly exposed, and the surfaces rinsed free of residual peritoneal fluid with 0.9% NaCl. Several small samples (30- As soon as tissue samples had been obtained, blood was withdrawn from the heart into a heparinized syringe; plasma was separated by centrifugation at 4'C; plasma protein was removed by precipitation with 9 vol (vol/vol) cold 6% (wt/ vol) perchloric acid. After centrifugation at 4°C, the proteinfree extract was neutralized to pH 6-7 by addition of 5 
RESULTS

Control studies
The control and experimental values with fructose alone, 40 ,umol/g body weight, for hepatic and renal cortical concentrations of ATP and F-1-P (Tables I  and II) Code for statistical probabilities used in this Table and in Table II (Tables   I and II) . When the values from both tissues were treated as a single set (Fig. 1) , the correlation was highly significant (P < 0.001), irrespective of whether the set of values was analyzed as an exponential function (r = 0.979), oras a linear regression (r = 0.941) (not shown).
In the liver, ADP was also substantially reduced at both loads of fructose. In the renal cortex ADP was increased significantly at the higher load of fructose. In the liver, AMP was increased at the higher load of fructose. In the renal cortex, fructose induced a substantial accumulation of a-glycerolphosphate which approximated that of F-i-P and greatly exceeded the minimally increased concentration of a-glycerolphosphate induced in the liver.
Loading with glucose or galactose alone did not induce changes in renal cortical or hepatic ATP, ADP, or AMP (data not shown).
Fructose with sodium phosphate. With fructosephosphate, the hepatic and renal cortical concentrations of ATP and TAN were significantly greater than those obtaining with the administration of fructose alone, and the renal cortical concentration of F-1-P was doubled (Tables I and II was modest, the concentrations of both TAN and ATP in the renal cortex being 0.4 umol/g greater than those obtained with the reverse sequence (P < 0.01).
The attenuating effect of phosphate loading on the fructose-induced disturbances in adenine nucleotide metabolism cannot be ascribed to either an increased urinary excretion of fructose or to diminished tissue extraction of fructose: With combined fructose-phosphate loading, irrespective of their sequence of initiation, both the urinary excretion and plasma concentration of fructose were less than with fructose (Table  I, Fig. 2 ). The attenuating effect of phosphate loading cannot be attributed to the increased concentrations of circulating parathyroid hormone that are undoubtedly induced by a reduction in the plasma concentration of ionized calcium consequent to phosphate loading: Administration of parathyroid hormone in supraphysiologic amounts did not attenuate (nor amplify) the fructose-induced abnormalities of adenine nucleotide metabolism in the renal cortex, and the fructose-induced phenomena were unaffected by parathyroidectomy (data not shown).
With phosphate/fructose, relative to fructose loading alone, ADP was decreased and increased in the renal cortex and liver, respectively, and by 0.12 gmol/g. ADP was significantly increased and decreased in the renal cortex and liver, respectively. Since the squared concentration of ADP constitutes the denominator of the adenylate kinase mass action ratio, the observed changes in ADP in the renal cortex contribute importantly to the severe reduction of this ratio with fructose alone, and to its restoration to normal with prior phosphate loading. Fructose with adenosine. Adenosine was employed in the present study as a systemic quasi-ionophore for Pi. As might have been predicted (45) (46) (47) (48) , adenosine administered alone induced hypophosphatemia and a 40% increase in both the hepatic and renal cortical concentrations of adenine nucleotides, the increase being predominantly as ATP (and unassociated with a reduction of Pi in these tissues). It was reckoned that the nucleotides comprising this increment would release otherwise unavailable Pi within the cells of the liver and renal cortex when these tissues either hydrolysed ATP or degraded AMP and its deamination product, inosine 5'-monophosphate, to inosine, reactions presumed to proceed at increased rates with fructose loading (16) (17) (18) (19) (20) (21) (22) (23) .
With adenosine/fructose loading, the renal cortical, but not hepatic, concentration of Pi was significantly higher than that with fructose loading alone, although the severity of hypophosphatemia was not different from that induced by either substance alone. With the combination, the increments in tissue concentrations of ATP and TAN over those obtained with fructose loading alone were significantly greater in the renal cortex than in the liver. Accordingly, with adenosine/ fructose, the concentrations of ATP and TAN in the renal cortex were substantially higher than those in the liver. With the combination adenosine/phosphate/fructose, hepatic and renal cortical ATP and ADP were not higher than those obtained with phosphate/fructose; the concentrations of AMP were slightly higher.
Conversion rate offructose to glucose Changes in the rate at which the liver and renal cortex convert fructose to glucose, and the rate at which ATP is thereby consumed, can be inferred from changes in these tissues' concentrations of fructose and glucose and the obligate metabolic intermediates, fructose-6-phosphate (F-6-P), and glucose-6-phosphate (G-6-P). Administered alone, fructose at the higher dose (40 ,mol/g) induced increases in hepatic and renal cortical concentrations of glucose and G-6-P that were significantly less than those induced by the lower dose offructose (20 ,mol/g ). With the higher dose offructose, the hepatic and plasma concentrations of fructose reached values more than four times those obtaining at the lower dose of fructose; the renal cortical concentration of fructose more than doubled. But when the higher dose of fructose was administered in combination with phosphate, the renal cortical and hepatic concentrations of glucose, G-6-P, F-6-P (and F-1-P) were at least as high as those obtaining with the lower dose of fructose; the renal cortical, hepatic, and plasma concentrations of fructose were strikingly less than those obtaining with the higher dose of fructose administered alone. With the combination phosphate/ fructose, the renal cortical, but not hepatic, concentration of fructose was as low as that obtaining with the lower dose of fructose, and significantly less than that obtaining with fructose/phosphate. With the combination phosphate/fructose but not fructose/phosphate, the renal cortical (but not hepatic) concentrations of G-6-P, F-6-P and glucose were significantly higher than those obtaining with the lower dose of fructose administered alone. These findings provide evidence that, when fructose was administered alone, the rate at which both the liver and renal cortex converted it to glucose was substantially lower at the higher dose of fructose, and that phosphate loading prevented the decrease in rate in the renal cortex and attenuated it in the liver.
Interpretation of the observed changes in the liver is complicated by the finding that administration of phosphate alone was attended by a large increase in the plasma concentration of glucose and in the hepatic concentration of glucose, F-6-P and G-6-P and a significant reduction in hepatic ATP (Table II) . These findings suggest that phosphate induced an appreciable increase in the rate of glycogenolysis. In the renal cortex, in which the glycogen concentration is minimal (less than 2 ,mol/g) (19) , phosphate loading alone did not induce an increase in the concentration of F-6-P or G-6-P or a reduction in the concentration of ATP. The renal cortical concentration of glucose was increased with phosphate loading alone, but to a value only one-half that of plasma glucose and significantly less than those values obtaining with the fructose-phosphate combination. With 
Phosphorus balance
Fructose administered alone induced a significant reduction in the plasma concentration of Pi (Table I) and a striking net gain in phosphorus in both the liver and renal cortex (Table III, Fig. 3 ). In both tissues, the decrease in the concentrations of Pi and ATP was more than offset by the increase in the combined concentrations of F-i-P and a-glycerolphosphate. With the 40 ,umol/g dose of fructose, the accumulation of F-1-P alone in the liver was equivalent to the sum of organic plus inorganic phosphorus measured in the control liver (in which F-1-P was not detectable) (Fig. 3) ; in the renal cortex, the combined concentration of F-1-P and a-glycerolphosphate exceeded the total phosphorus measured in the control. With the 40-,umol/g dose of fructose, the calculated net gain in measured acidsoluble phosphrous of liver was 6.7 ,umol/g wet wt; in renal cortex, 7.8 umol/g wet wt (Table III, Fig. 3 ). The net gain in liver reported by Burch et al. (17) under similar, but not identical, conditions was 8.2 ,umol phosphorus/g wet wt.
With combined fructose-phosphate loading, the hepatic concentration of F-1-P was not statistically different from that obtaining with fructose alone; the concentration of a-glycerolphosphate increased but remained relatively small. By contrast, the renal cortical concentrations of F-1-P and a-glycerolphosphate were substantially greater with combined fructose-phosphate loading than with fructose alone, their combined concentration of 20 imol/g being almost twofold greater. Principally as a consequence of this doubling, the net Tables I and II. gain in molar concentration of organic phosphorus in the renal cortex with combined fructose-phosphate loading was 19-20 ,mol/g compared to a gain of 9 with fructose loading alone (Table III, Fig. 3 ). Thus, in the renal cortex, the net gain in molar concentration of organic phosphorus that could be attributed to phosphate loading (in combination with fructose loading) was 10 umol/g, a gain more than three times the relatively small gain in the liver that could be attributed to phosphate loading (in combination with fructose loading), and a gain slightly greater than that induced by fructose alone in either the renal cortex or the liver.
DISCUSSION
The results of the current studies confirm that in the rat fructose loading induces an accumulation of F-1-P and a dose-dependent reduction of ATP in both the liver (17) (18) (19) (20) and renal cortex (17) , and in the liver, a dose-dependent reduction of Pi and TAN (17) (18) (19) (20) .
The current studies demonstrate further that fructose loading also induces a reduction of Pi and dose- The activity of AMP deaminase in the renal cortex is at least as great as that in the liver (49) and would appear to reflect the same isoenzyme (50) . In the renal cortex, as in the liver, the deamination of AMP to inosine 5'-monophosphate can be brisk (51) . In the isolated liver perfused with fructose, 10 mM, increasing the concentration of Pi in the perfusion medium from 1 to 10 mM prevented an otherwise sevenfold increase in concentration of inosine 5'-monophosphate (19) . The deamination reaction is essentially irreversible. Accordingly, if in both the liver and renal cortex of the fructose-loaded rat, depletion of Pi is near immediate and AMP deaminase is activated immediately thereby, an enhanced degradation of adenine nucleotides mediated by this activation would predictably be prevented by phosphate loading only in the renal cortex, and only if initiated before fructose loading, and if only briefly, given the special access of extracellular Pi into parenchymal cells of the renal cortex, and into these cells only. Bode et al. (20) concluded that in the liver of the fructose-loaded rat, the reduction in cellular Pi perturbed the metabolism of adenine nucleotides only by increasing their degradative rate via augmented deamination (and dephosphorylation of AMP). The investigators emphasized that the simultaneous administration of equimolar amounts of fructose and P1 was attended by a significantly higher hepatic concentration of AMP than that obtaining with administration of fructose alone; the hepatic concentration of ATP and TAN, however, were not significantly higher. They argued that fructose loading induced a reduction of hepatic ATP because of the rapid consumption of ATP in phosphorylating fructose to F-i-P. But in the present study the attenuation of the fructose-induced reduction in ATP observed with phosphate loading cannot be the consequence of a decrease in the consumption of ATP in phosphorylating fructose or its metabolites, or the consequence only of a decrease in the rate at which, or extent to which, adenine nucleotides are degraded.
With combined phosphate/fructose loading, not only was the fructose-induced reduction of renal cortical concentration of ATP almost prevented, but also the greater concentration of ATP occurred despite evidence of increased consumption of renal cortical ATP. Because the renal cortex and the liver both contain the enzyme cluster, fructokinase, aldolase "B" and triokinase (52) , both these tissues extract fructose briskly and convert it to glucose, predominantly, if not exclusively, by way of F-1-P and the triose products of its aldolase cleavage, D-glyceraldehyde and dihydroxyacetonephosphate (16, 17, 19, 27, (53) (54) (55) (56) . For each mole of fructose so converted (or converted to aglycerolphosphate) 2 mol of ATP are consumed, one in converting fructose to F-1-P; one in converting Dglyceraldehyde to D-glyceraldehyde phosphate (or in converting glycerol, the reduction product of Dglyceraldehyde, to a-glycerol-phosphate). As judged from plasma and tissue concentrations of fructose and glucose and tissue concentrations of fructose-6-phosphate and glucose-6-phosphate, the rate at which the renal cortex and the liver converts fructose to glucose is substantially lower at the higher fructose load. Prior phosphate loading, however, more than prevents this decrease in rate in the renal cortex and attenuates it in the liver. As judged from the phosphorus balance data, with combined fructose-phosphate loading, large amounts of administered phosphate not only enter the cells of the renal cortex but are used there to generate ATP. These findings provide evidence that in both the liver and renal cortex of the fructose-loaded rat, the greater depletion of Pi at the higher load of fructose restricts regeneration of ATP to a rate substantially less than that obtaining at the lower load of fructose; and prior phosphate loading, by differentially mitigating these tissues' depletion of Pi, removes this rate restriction in the renal cortex and greatly attenuates it in the liver.
It could be argued that the mechanism through which phosphate loading ameliorates the fructoseinduced disturbance in adenine nucleotide metabolism depends on (27, 58) . In this connection, in the current study, the apparent rate at which the renal cortex metabolized the higher load of fructose varied directly with the renal cortical concentration of ATP, as increased by the different schedules and combination of phosphate (and adenosine) loading. Sestoft seemed to discount the possibility that, in the isolated liver perfused with fructose, increasing the perfusion concentration of phosphate substantially decreased the degradative rate of AMP (and hence TAN) (58, 62) . He emphasized that at the higher perfusion Pi, the higher tissue concentration of ATP was attended by a "counter-poise" in tissue concentration of AMP (62) . Furthermore, the tissue concentration of TAN at the higher perfusion Pi was not significantly greater than the reduced values obtaining at the lower perfusion Pi. Undoubtedly, in the isolated liver perfused with fructose and phosphate, Sestoft's observations support his placement of the site of connection between fructose and phosphate metabolism in the mitochondria. Indeed, his observations strongly suggest that in the fructose-perfused liver the rate of mitochondrial synthesis of ATP can be made to vary directly with cellular Pi and independently of an even greatly reduced pool size of adenine nucleotides. But in the present study of intact rats, the renal and hepatic concentrations of total adenine nucleotides, as well as of ATP, were significantly greater when fructose was administered in combination with sodium phosphate than when fructose was administered alone. Furthermore, the renal cortical concentration of ATP attained with phosphate loading would not have been possible without the greater concentration of total adenine nucleotides. Specifically, with combined phosphate/ fructose loading, the renal cortical concentration of ATP was 2.03+0. 33 ,umol/g; with fructose loading alone the renal cortical concentration oftotal adenine nucleotides was only 2.16+0. 16 . It seems likely then that in both the renal cortex and liver of the fructose-loaded rat, severe cellular depletion of Pi both mediates the reduction in pool size of adenine nucleotides and restricts the rate of mitochondrial respiration, and, by determining the extent of both phenomena, determines both the concentration and rate of regeneration of ATP.
